Epilepsy in human beings is a condition characterized by recurring seizures, which, when exhibited in typical form, consists of abrupt loss of consciousness and generalized convulsions.
Two stages of the seizure are recognized.
In the first or tonic stage the muscles contract tonically (tetanic contraction in physiological terms).
After a few seconds the tonic spasm gives place to jerking movements of the limbs, face and muscles of mastication. This is spoken of as the clonic stage, in which the clonic convulsion consists of synchronized recurrent contractions of muscles in both sides of the body, and is not of an alternating nature. When seizure is directly due to a gross lesion localised in some part of the cerebral cortex, for example, a tumor, a foreign body, a cerebral birth injury or a depressed fracture of the skull, it is called Jacksonian epilepsy.
In this type the fit commences in the muscle group governed by the irritated area of the cortex, but soon spreads to involve other muscular masses, so that it is also called focal epilepsy.
In this "march of movements" the order in which the different muscles are involved can frequently be seen corresponding to that of their cortical representation.
Epilepsy which can not be explained by the presence of any gross organic lesion of the brain is called idiopathic.
Though many theories have been advanced, the neural mechanism through which the fits are produced remains obscure.
Some authorities believe that the convulsions are the result of increased excitability of the cortex, especially of the motor area in general.
Others view the convulsion as a release phenomenon due to the inhibition of the cortical area which normally exerts a controlling influence upon lower motor centers.
Since Fritsch and Hitzig (5) had shown that electrical stimulation of the cerebral cortex led to movements of certain delimited groups of somatic muscles, this was repeated by a great many investigators.
But too frequently, they complained of undesirable interruptions in experiment by epileptic fits induced easily, especially when stimulation was strong.
In animals, therefore, epileptic fits can easily be produced.
When the motor cortex is stimulated by an ordinary faradic current, 40 to 80 shocks per second, tonic contractions of the corresponding muscles on both sides of the body appear first, and these pass into synchronous clonic spasms subsisting for several minutes after cessation of the stimulation.
The author took an interest in two facts connected with this experimental epilepsy; 1) that, when in apes or in dogs, the stimulating current is applied to the motor cortex, the convulsion is produced first as a tonic, then as a clonic type, in which a copious secretion of saliva is associated only with the latter type; 2) that, when the stimulation is applied not to the motor area, but to the parietal or temporal lobes of the cortex, both in apes and in dogs, the convulsion produced is just the clonic type and is not preceeded by the tonic form, and this clonic convulsion is accompanied by copious secretion of saliva. Therefore, the author analyzed this phenomenon physiologically, looking first, for a method of stimulation that can produce selectively tonic or the clonic type.* METHOD The method of applying a certain chemical substance directly to the cortex of animals, was tried by several authors, of which a famous and ingenious example was the method of strychninization of Dusser de Barrenne (2), who described changes in the behavior of animal or electrical discharges from other parts of the cortex or peripheral nerve. But no one has yet tried to produce motor actions by this procedure.
The author injected by means of a small metal capillary tube into the grey matter of the cortex of dogs or apes (Muccacus amounts macrotechnically possible to inject) of chemical substances . As many as 200 different substances were used, of which some are shown in table 1, aud spinal cord, no motor effects were produced. Accordingly, if any of the above substances eliciting clonic convulsion is applied to a grey matter of the subcortical nuclei and produces some motor effects, it can be said that there is a relay station of the higher motor neurons, as will be shown later.
Mechanical stimulations with the injection needle, applied either to the grey, or to the white matter of the central nervous system of dogs and apes, result in no motor effects, with the only exception of a certain small area in the dorsal and upper portion of the spinal cord, as shown in table 2. The author's procedures above described may therefore safely be recognized as a method of chemical stimulation.*
The skull was usually trepanated at the under limit of the Gyrus temporalis medius, (as is shown in fig. 4 ), the occipital boundaries of the opening reaching the tentorium cerebelli.
No narcotics were used. Several experiments of the same kind were first made on dogs and the results were confirmed in 2 or 3 apes, in which nicotine, picrotoxine or metrazole applications were mostly used as stimulants (nicotinization, picrotoxinization, metrazolization). Nicotinization using 50% nicotine solution was preferable, as the spot of nicotinization become brown and the mass of brain stimulated could be estimated after the 3 mm. 3 in the grey matter of the dog.
Clonic convulsions in the limbs or any other part of the animal body (abridged in table 1 as KK) are so characteristic that, once witnessed, will not fail to be recognized again. Fig. 1 represents convulsions traced from a muscle rupted by more or less tonic phases (a sort of rigidity).
The nerve is excised near the muscle which is cut off, and prepared into several nerve fibres by the microtechnique described by Kato (9) and Tasaki (12) . The electrical discharges from the nerve fibres are recorded by the oscillographic method as shown in fig. 2 . There are two different sizes of spikes, one large (about 90 mV in potential), which would be the action potential in contraction, and the other small (about 40 mV), which would be the potential of impulses maintaining The motor area and the extramotor area from which clonic convulsion was produced (shaded) in apes.
FIG. 4 (right).
The motor and the extramotor area from which clonic convulsion was produced (black spots) in dogs.
area (Area 4), the greater part of the premotor area (Area 6), including the lower adversive field, and the regions extending to the parieto-occipital margin, while the lateral boundary of the area lay at the upper part of the Gyrus ternporalis (see fig. 3 ). On the inner surface of the cortex, it covered the Gyrus cinguli, and the anterior temporal lobes including the Gyrus hippocampi, uncus and operculum.
In dogs this area extended from the gyrus sigmoideus to the occipital and temporal lobes, as is diagramatically illustrated in fig. 4 . In both animals, the sites of nicotinization were carefully examined macroscopically after each experiment. Comparison of the cortical area which produces clonic convulsion in apes ( fig. 3 ) with the pyramidal and extrapyramidal areas in man advanced by Foerster ( fig. 5 ), at once suggests that the impulses causing clonic convulsion in apes may originate from the cells of the extrapyramidal system of a motor nature, if any, in the cortex. This problem will fully be discussed in the following sections.
For brevity all the regions capable of producing clonic convulsions outside of the motor cortex, will be labeled "extramotor cortex." Does stimulation initiate from the point of the cortex in which the substance is injected? Of course it does, because, if the motor area of the injected side was excised immediately after the onset of convulsion, the convulsion ceased at once, where a) a seizure with a march of movements which extends to all musculature and continues as a generalized type; b) a focal seizure which continues locally without generalization (epilepsia partialis continua).
These two types of focal convulsions were observed also in the author's experiments in apes, but only few cases of the second type, and in dogs, only the first type.
A generalized seizure means a type which manifests all at once in the four limbs, as seen in human idiopathic epilepsy.
This type could be produced by electrical or chemical stimulations of the premotor area (Area 6), in apes, and also from the extramotor area in dogs, as shown in tables 4 and 5. Thus, the types of experimental convulsions produced by cortical stimulation in animals depend upon the site of stimulation, and not on the mode of stimulation.
The above facts that the focal types of epileptic convulsions are produced by the stimulation of the motor area, and the generalized by the extramotor area, should suggest that the former is produced through the pyramidal tracts.
It is said that there is sufficient experimental evidence that the giant pyramidal cells of Betz in Area 4 are largely responsible for the production of focal seizures.
One valid proof is that stimulation in the infant macaque does not Furthermore, Marshall (10) and Tower (13) were unable to obtain focal seizures by stimulations of Area 4 after the medullary pyramids had been cut in cats. The author repeated the pyramid section experiment in dogs.
Success in producing focal and generalized epileptic seizures after lesion of medullary pyramids in dogs
It is generally recognized that, by destruction of the pyramidal system by removal of the motor cortex in dogs or cats, most normal motor activities can be executed.
Having destroyed the pyramidal tracts by cutting the pyramids of the medulla, in acute experiments in dogs, the author stimulated the motor cortex electrically or chemically.
Electrical stimulation in these preparations could produce focal phasic contractions of muscles, which were changed slightly into the sustained form. This change in the form of contraction was at first sight considered to be due to the destruction of the pyramidal tracts, but this change could not be discerned when the stimulation was made stronger and the contraction became tetanic or tonic in form. With a very strong stimulation tonic contraction was produced in the four limbs (see table 7 ). Chemical stimulation of the motor cortex with sodium asparaginate of 0.5
The main problem in this paper is to answer the question: Can clonic convulsion be produced without the aid of the pyramidal tracts?
And if so, why? The author confirmed by the method of nicotinization that clonic convulsion is produced in dogs with the severed pyramids from several cortical areas including the motor area (Gyrus sigmoideus) (see table 6 ). This means that the tracts along which clonic convulsions generalize from the cortex, descend outside of the medullary pyramids.
The concerned tracts do riot belong to the pyramidal tract.
They will be one of the extrapyramidal tracts, according to the definition generally accepted that all motor tracts except for the pyramidal tract passing down to the motor cells of the spinal cord are all called extrapyramidal. Having had no personal experience of experiment of severing pyramids in apes, the author hesitates to say, but it seems probable that focal seizure of the second type remains after severing the pyramid, as well as seizure of the first type and generalized type.
From the above experiments the conclusion may be drawn that at least focal seizure of the first type, as well as the generalized type would belong to the motor effects of the extrapyramidal system. Accordingly it can be taken as definite that the motor area of dogs not only contains pyramidal ganglionic cells, but also ganglionic cells for the extrapyramidal tracts. This important problem will again be discussed later.
Pathway for generalized clonic convulsion
What pathway will be taken by impulses for generalized seizures and focal seizures of the first type, if they are not conducted by the pyramidal tracts?
This can be elucidated by the method of nicotinization of the grey matters throughout the central nervous system, and comparing the effect after extirpation of each of the nuclei at lower levels.
Nicotinization was applied to the Thalamus, Corpus striatum, and other subcortical grey matters down to the spinal cord , and it was examined which, if any, could produce the clonic convulsions.
The results are shown in table 9 . The inner nucleus of the Thalamus, Globus pallidus , Substantia nigra with its convulsion in dogs as well as in apes. Moreover , the same convulsion was *LK means locomotive movement (alternating convulsion).
produced from the cortex of the cerebellum. In medulla, there was no grey matter which produced clonic convulsion, as shown in the table. In the spinal cord, nicotinization of the anterior horn elicited rhythmical contractions of the ipsilateral fore or hind limb, the rhythm of which corresponded to that of partial convulsion of the clonic type.
What results would be obtained when each of these grey matter is eliminated?
The convulsions could be produced from the cortex after lesion of the thalamus, but not when the Nucleus lenticularis (especially Globus pallidus) was bilaterally excised.
The results of combined eliminations of grey matters fig. 6 . There are two paths from the cortex; one has its first neuronal relay cell in the inner nucleus of the thalamus, (presumably Nucleus ventralis lateralis) which is connected with the homolateral Globus pallidus, and the second neuron from the Globus pallidus descends to the homolateral Substantia nigra and its posterior Substantia reticularis, from which the fibres pass down the cord to the anterior horn cells. There is a group of second relay cells in the thalamus sending fibres that cross to the other side of the thalamus and reach the Nucleus lenticularis of that side. In other words, the path FIG. 6. The conducting path for clonic convulsions originating from the cortex in apes.
There are two paths, the first from the cortex via Corpus striatum to midbrain. The second via thalamus and Corpus striatum to midbrain which is the executing center of KK. becomes bilateral in the thalamus.
The other path has the first subcortical relay cell in the homolateral Globus pallidus, from which the second neuronal relay runs to the homolateral Substantia nigra and its posterior Substantia reticularis.
In both paths there are commissural fibres at the Substantia nigra. Do the paths cross somewhere below the Substantia nigra?
After a partial longitudinal cut was made in the central nervous system, for example, upon the corpus callosum from thalamus to midbrain, from pons to medulla, or pons to the lower limit of the medulla, the results of nicotinization from the cortex was examined.
A cut along the median line was first made at various levels of the central nervous system and the results of nicotinization of the cortex were investigated.
Clonic convulsion was found in animals with the median section located at the corpus callosum, between Thalamus and midbrain, between midbrain and pons, or at a part of the spinal medulla respectively. When however, the whole length of the median line extending from the Pons to the caudal end of the medulla was dissected, no clonic convulsion resulted by nicotinization applied to both sides of the cortex.
The author considers that the pathways conducting the impulse for clonic convulsion from the cortex do not cross in a bunch, but run athwart each other diffusedly in the district from the caudal part of the pons to the caudal end of the medulla oblongata. It is not only in decussation that the fibres run not in a bundle, but it is also the case generally for the concerned fibres in the above district.
The fibres probably scatter over the greater part of the pons and medulla, because the convulsion does not fail to appear after destroying the bulk of the medulla, if an area of 2 to 3 sq. mm. is left intact somewhere.
But in reality, the paths having commissural connectionis in the Thalamus and Substantia nigra, the clonic convulsions from the cortex are always generalized in both sides, except when a median section of the Pons to medulla is made. The schemata of the subcortical chain of clonic convulsion of dogs is the same as in fig. 6 .
Next, an important question arises; Does focal seizure of the first type has the same path?
5. The path of focal seizure from the cerebral corte As nicotinization or picrotoxinization of the subcortical or midbrain nuclei results as a rule in generalized seizures, it is difficult to determine the path of focal seizure of the first type by the stimulation method. The elimination method seems therefore, to be preferable for this purpose.
As shown in fig. 6 , the paths for the generalized seizures arising from the cortex run in two different ways, one via the thalamus to the Nucleus lenticularis and the other directly to the Nucleus lenticularis.
Nucleus lenticularis lies therefore, at a common cross road, and if it is severed in both sides in dogs and apes, all stimulations from the cortex, as well as from the thalamus, cerebellum and lenticular nucleus itself, would not produce generalized seizures.
Eexperiments of severing the lenticular nuclei as shown in table 11 were carried out. In the animals with both lenticular nuclei severed, nicotinization of all parts of the cortex induced no movement at all, while it was provoked by one applied to the midbrain. Electrical stimulation of the motor area produced only tonic movements in one limb, when stronger, in two or four limbs (TK), but stimulation of the extramotor cortex did not produce movements. The above results showed that the path of focal seizures of the first type also descended via the lenticular nuclei.
In this case, if severing of the lenticular nucleus was made in one side, stimulation of the extramotor area produced not only generalized seizures but stimulation at the motor area produced focal seizures as well as generalized ones, for they would descend to the lenticular nucleus of the other side via the thalamus as shown in fig. 6 .
The results were quite convincing and the author came to the conclusion that focal seizure of the first type, descends along the common path as does generalized seizure.
The problem whether focal seizures of the second type follow also the same path or not, could not be decided, for we could not obtain them in dogs, and have had no chance yet to make experiments in apes.
6. The path for clonic convulsions from the cortex to the subcortical relay nuclei
The next problem was to find out the path from the cortex to the nuclei of the thalamus and of the corpus striatum.
Is it connected from the motor and the extramotor area to the subcortical cells in a point to point manner? Hirasawa (6) and his associates showed histologically by the method o secondary degeneration that there are many fibres from the frontal and parietal cortex to the thalamus, corpus striatum and other lower nuclei. If the clonic convulsion initiated from the extramotor cells is conducted directly to the motor nuclei of the thalamus or corpus striatum, the convulsion due to nicotinization of the extramotor area would no longer appear when circumscriptive extirpation is made around the nicotinization point. The experimental results betrayed the deduction, as shown in table 12. Moreover, after total excision of the motor area, nicotinization of the extramotor cortex could not produce clonic convulsions at all, in case where nicotinization is applied to the anterior extramotor area (premotor area) as well as to the posterior extramotor area in the sense of the author (see table 3 ). This means that the fibres from the cells which have a relation to clonic convulsion in the extramotor area are connected horizontally with the motor area, and they come down through it. In other words, the motor area is the final common area for clonic convulsions induced from all over the extramotor area, as in the spinal reflex the motoneurons are the final common path of the reflex in the sense of Sherrington.
These facts, the author would like to call "the law of final common area." This is the first law with regard to cerebral motor initiation of the clonic type. If this is true, one can speculate that there should be two or three types of motor cells in the motor area (Area 4 in apes), the first type being the motor cells of the pyramidal system, which originate from the motor cortex, descend via the medullary pyramid in a long path to the spinal cord, the second type motor cells of the clonic type which belong to the extrapyramidal system, and the third the motor cells of tonic movements which also belong to the extrapyramidal system (see table U ). In other words, the motor area of dogs and apes contains at least three types of motor cells. Presumably other types of motor cells may be located also in the same area, for stimulations of the motor area sometimes produce alternating convulsions (LK in table 1), details of which will be discussed at another occasion. In the present experiment, however, convulsions of limbs alone -were taken as indicators for the two types of seizures. Generalized and focal seizures differed only in one aspect that the site of stimulation in the motor area (Area 4) decided the limb in which clonic convulsions at first occur to become generalized later, but stimulation of the extramotor area (Area 6, for example) produced clonic convulsions in all limbs at once. Both were produced in dogs in which the medullary pyramid was severed. They must therefore be attributed to the activities of the extrapyramidal motor system.
The conducting paths from the cortex to the spinal cord were confirmed by chemical stimulations, nicotinization or picrotoxinization.
These were effective only when applied to ganglion cells of the neuron, and not when applied to nerve fibres.
Early attempts to stimulate the basal ganglia, especially Nucleus lenticularis or Thalamus, brought conflicting results, largely because electrical stimulations were used. Wilson (14) who used Horseley Calrke's technique of electrical stimulation declared the Putamen, Globus pallidus, and Thalamus of monkeys completely inexcitable.
Rioch and Brenner (11) who stimulated the basal ganglia of experimental animals three weeks after removing the cerebral hemisphere failed to obtain any motor responses in the extremities.
In the author's experiments, the basal ganglia and thalamus of dogs produced no movement when stimulated electrically, but, produced certain selective movements when stimulated chemically.
Thus the relay nuclei for the path of epileptic seizures were elucidated with the chemical stimulation method, and this tract was ascertained to belong to the extrapyramidal system and not to the pyramidal system. The questions arise whether the course of this path is the same in human beings, and whether human epilepsy corresponds to the experimental epileptiform seizures in animals. Is there a method of answering the above questions?
The main problem is whether the paths of human epileptic seizures correspond to those found by experimental epilepsy in animals, or not. The answer may be available if we have a clinical case of severing of the Nucleus lenticularis, because if the paths for convulsions are the same in man, one can say that the initiating sites of human epilepsy must also be limited to within only five levels, i.e. the cortex, the thalamus, cerebellar cortex, lenticular nuclei, ventral half of midbrain, (see fig. 6 ) and if human epilepsy of the generalized seizures as well as focal seizures originate from the above five levels and the impulses are conducted through the common path in the lenticular nucleus to the lower level, one can expect that after bilateral lenticotomy, convulsive seizures would be mostly abolished, for the operation is to sever the conduction paths at least from the above four levels.
CLINICAL APPLICATION
Foerster (4) has recommended for surgical treatment of human epilepsy, of the technique of removing a part, or the whole premotor area (Area 6). The principal purpose of this technique is to reduce the heightened excitability the cortex, avoiding motor paresis associated with damage to the motor area (Area 4).
There seem to be many reports by various surgeons on the results of Before the operation he measured the chronaxia after Lapicque of limb muscles, and the lenticotomy was performed in the side contralateral to the limbs in which the chronaxia was changed.
His results are summarized in table 13.* His operation was limited only to one side, but successful results were obtained in 57 per cent (36% totally abolished, 21% improved) of focal and idiopathic epileptics.
The author has recommended severance in both sides with the expectation that successful results will then increase to 90% or more.
The results of Ozawa are striking and reveal that the paths for clonic convulsion in human epilepsy correspond to those in dogs and apes. As post-oper-*Published by Ozawa in the annual congress of the Japanese Association of Surgery, April 1952, English report will. follow. It was a great surprise that lenticotomy not only abolished cnovulsive seizures (post-operative observation was continued for over five years) but also suppressed entirely fits of loss of consciousness.
We understood that these two main epileptic symptoms, loss of consciousness and generalized convulsion, would be initiated at a higher level of the central nervous system, and the impulse for the latter conducted to muscles of the body.
Lenticotomy may interrupt the spreading of the impulse, so that suppression of convulsion takes place naturally, but at present it is difficult to explain why abolishment of loss of consciousness also results. At any rate it seems certain that epileptics may thoroughly be cured by lenticotomy.
On the other hand, the fact that the fit of unconsciousness in epileptics is cured by lenticotomy may present a clue to the solution of many problems in the physiology of human consciousness.
For the operative treatment of Jacksonian epilepsy, the technique of extirpation of a small part which initiated the seizures, has been performed and many cases of good results have been reported by several authors, for example, by Bucy (1). The author believes that the lenticotomy technique is recommendable for the treatment of focal epilepsy as well as in the plaee of the extirpation technique, for the post-operative symptoms of the former are believed to be less than that of the latter. SUMMARY 1. Nicotinization(as well as picrotoxinization and metrazolization) applied to grey matters of the cerebral cortex, thalamus, midbrain, and cerebellar cortex produces selectively generalized clonic convulsion in dogs and apes; but that applied to the white matter or nerve causes no motor effects.
2. By chemical stimulation and the method of elimination, the author confirmed the path of clonic convulsion as follows:
3. From the cerebellar cortex clonic convulsion was produced with or without cerebrum.
The path passes through the thalamus to the lenticular nucleus, to the homolateral midbrain.
4. After severing the lenticular nuclei of both sides, the clonic convulsion initiated in the cerebral cortex, thalamus, cerebellum or lenticular nucleus itself was completely abolished in dogs.
5. Unitateral lenticotomy was applied to epileptic patients with partial success. Not only the fit of seizures, but also the fit of loss of consciousness was eradicated in successful cases.
A very high cure rate is anticipated with bilateral lenticotomy.
6. From the fact that cerebral clonic convulsion was produced in dogs in which the medullary pyramids had been severed, and that its path has several relay nuclei to the spinal cord, it must be considered that this system belongs to the extrapyramidal system. 7. Some substances elicit tonic convulsions (TK) from the cerebrum and others alternating convulsions (LK). Thus the method of chemical stimulation can fractionate the action of the motor cells in experiments on the central nervous system, and elucidate the path of each system.
